Abstract: For the observation of single molecule dynamics with fluorescence fluctuation spectroscopy (FFS) very low fluorophore concentrations are necessary. For in vitro measurements, this requirement is easy to fulfill. In biology however, micromolar concentrations are often encountered and may pose a real challenge to conventional FFS methods based on confocal instrumentation. We show a higher confinement of the sampling volume in the near-field of sub-wavelength sized apertures in a thin gold film. The gold apertures have been measured and characterized with fluorescence correlation spectroscopy (FCS), indicating light confinement beyond the far-field diffraction limit. We measured a reduction of the effective sampling volume by an order of magnitude compared to confocal instrumentation.
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Introduction
In the last decade, fluorescence fluctuation spectroscopy (FFS) emerged as a powerful screening tool in pharmaceutical industry and in biomedical research. For FFS, a high numerical aperture objective focuses a laser beam into a sample containing labeled molecules at low concentration. The fluorescence is collected by the same objective and filtered by a dielectric band-pass filter to suppress reflected excitation and Raman scattered light. The fluorescence is focused onto a pinhole rejecting stray and out of focus light and keeping the Raman scattered light to a minimum. A single photon detector is used to count the photons, and the recorded photon trace is then evaluated according to the chosen FFS method [1] [2] [3] [4] [5] [6] .
The confocal setup provides a small sampling volume, an excellent signal to noise ratio (SNR), and good statistical accuracy. In vitro, the sample concentration is chosen to maximize the SNR [7, 8] . For instance, typical sampling volumes of 250 al and nanomolar concentrations of the analyte are mostly used. However, many reactions in biology or biochemistry demand measurements at micromolar concentrations. This results in a high number of labeled molecules in the confocal volume, with in consequence a small fluctuation amplitude or a high photon number beyond the linear range of single photon detectors.
In order to perform these experiments, the size of the sampling volume needs a further reduction. Webb et al. addressed the problem by limiting the sampling volume in their setup to far less than 1 al by using nano-wells in an aluminium mask [9] . A potential drawback is the background from direct-reflected excitation light. Micro-channels in fused silica have been used as well and sampling volumes of less than 2 al were achieved [10] . Another approach took advantage of a parabolic mirror in a total internal reflection fluorescence correlation spectroscopy (TIR-FCS) setup, which resulted in a sampling volume of about 5 al [11] . Hassler et al. reported small sampling volumes of 60 al by taking advantage of a high numerical aperture objective (NA = 1.45) and an evanescent field excitation [12] . They showed a high SNR as well as high count rates per molecule (CPM) and used their setup for binding-unbinding studies as well as for investigations of enzyme reactions [13] .
In this project, we fabricated sub-wavelength sized circular apertures in a thin gold film in order to reduce the sampling volume. Back-illumination of such an aperture results in a highly confined excitation field. With the Green's tensor technique [14] , we calculated an excitation volume of about 7 al for an aperture with 150 nm diameter in a 150 nm thick gold film on top of a glass cover slip. This results in a reduction of the excitation volume by more than an order of magnitude. The detection volume is as for a conventional approach given by the confocal setup. The fluorescence is recorded from the volume in and just above the aperture while the metal mask shields most of the excitation light. Finally, the evaluation of the fluorescence signal provides information about the size of the excitation volume.
Fluorescence in the presence of a structured metal film is very dependent on the local excitation field, the local emission pattern, and the local fluorescence lifetime. Recently, Rigneault et al. reported an increased excitation intensity and a decreased fluorescence lifetime enhancing the CPM in circular aluminium nano-holes [15] . Using rectangular aluminium nano-apertures, Wenger et al. demonstrated that the enhancement is mainly due to a strong evanescent excitation field [16] . Here, we report on trans-illumination measurements collecting fluorescence within but mainly behind a circular nano-aperture. The local fluorescence emission would deserve further investigation but is out of the scope of this paper. Instead, we concentrate on the three-dimensional excitation field, which can also be mapped in detail with the help of a photoresist [17] .
Experiment

Aperture masks
The circular apertures were fabricated with a focused electron beam lithography process [18] . A 170 µm glass cover slide was plasma cleaned and covered with 10 nm antimony doped tin oxide. The aperture structures were written into a spin coated high contrast negative tone resist. The resist was developed resulting in freestanding resist structures. These structures were coated with a titanium layer (5 nm) and with a 150 nm thick gold film. A final lift-off process resulted in the apertures shown in Fig. 1 . Figure 2 outlines the layout of the entire gold mask. Within six fields, we fabricated a total of 144 arrays of 6 × 6 apertures. Each field was located and oriented with the help of triangular marks. We verified the dimensions of selected apertures by scanning electron microscopy (SEM). In addition, we checked all aperture arrays with an optical trans-illumination microscope (Carl Zeiss AxioVert 200m with Carl Zeiss AxioCam HRm). The inset in Fig. 2 shows the image of a homogeneous array used for measurements. Fig. 1 . Left: SEM image of a 420 nm aperture after evaporation of the 150 nm thick gold film. We noticed small gold particles around the aperture edge. Nanoscale particles and fibers were also found at the border of the gold cap. Right: SEM image of a single 230 nm aperture within a 6 × 6 array. This aperture was exempt of nearby gold particles. 
Experimental setup and measurements
Theory
The FCS and FFS theory was recently reviewed by Krichevsky et al. [19] . Following the general ideas, the fluorescence intensity I (t) is correlated during a time interval T . The symmetrically normalized auto-correlation function is defined as
The auto-correlation G (τ) allows to extract essential single molecule parameters from the fluctuating fluorescence intensity. Typical fluctuation sources are diffusion (Brownian motion) of fluorescent particles through the detection volume; emission characteristics like triplet state occupation; or changes of the molecular conformation influencing the emission characteristics. The correlation amplitude is inversely proportional to the number of fluctuation sources (particles) in the detection volume. The shape of the correlation curve encodes all these processes, whereas the time dependencies modify the corresponding time windows. Figure 4 shows the excited fields for three different aperture diameters calculated with the Green's tensor technique [14] . We simulated the transmission of a Gaussian beam through the apertures in the gold film. The Gaussian beam had a wavelength of 633 nm and was linearly polarized along the x-axis corresponding to the HeNe laser. In the glass substrate with a refractive index of 1.52, it was focused and centered on the bottom of the aperture. The transmission for an incident beam waist w 0 = 350 nm was simulated. In the aperture and on top of the gold film, we set the refractive index to 1.33 for water. The relative dielectric constant of the gold film was −11.6 + 1.26i. A Gaussian beam with 633 nm wavelength was focused with an opening angle equivalent to a numerical aperture of 0.6 on the apertures. The graphs show three surfaces of equal intensity at e −1 I max (inner surfaces), e −1.5 I max (middle surfaces) and e −2 I max (outer surfaces). I max is the maximal excitation intensity at z = h. On top of the apertures, the average intensity was reduced to 22%, 73% respectively 87% of the incident intensity at the bottom.
Excitation field
For the 400 nm aperture, the excitation field is similar to the focus of the Gaussian beam. The aperture mainly truncates the tails of the Gaussian beam and diffraction shrinks the vertical extension to 330 nm after the hole. In the close vicinity of the aperture, the excitation field shows a fine structure reflecting the x-polarization of the incident beam and the wave modes in the aperture. With the 250 nm aperture, the y-extension of the excitation volume is slightly smaller, whereas the z-dimension is reduced significantly. This effect is even more important for the 150 nm aperture, where the excitation field extends only 80 nm into the liquid. Table 1 compares the extensions of the ellipsoid-like excitation fields and the estimated volumes. We estimated the excitation volume V ex with W 1 [22] 
Here, we approximated the product of the excitation intensity and the detection efficiency by the excitation intensity alone. This is valid because the excitation intensity drops much faster than the detection efficiency, if r → ∞ . In both cases, we added the aperture volume V ap = πhd 2 /4, where h = 150 nm is the aperture depth and d the diameter. [20] .°S tate-of-the-art in free liquid for 488 nm wavelength [20] .
We would like to emphasize that diffraction and interference generate these highly confined excitation fields. In k-space, diffraction creates a transverse component k xy parallel to the xyplane. Because the length of the wave vector k is constant, k z has to adopt according to
Sub-wavelength sized apertures enforce k xy > k resulting in an imaginary k z . This gives the transmitted field a dominant evanescent field character along the z-axis. The vertical extension w z decreases with the aperture diameter. Moreover, the lateral extensions decrease due to destructive interference of many surface waves with different k. A simulation at identical conditions but at a wavelength of 488 nm showed that the excitation field grows along the zaxis. Using sub-wavelength sized apertures, we took advantage of diffraction to obtain highly confined excitation fields below the far-field diffraction limit.
Auto-correlation model equation
As an approximation, we used the standard model equation for free diffusion of a single fluorescent species through a sampling volume with a 3D Gaussian shape [21, 22] . We modeled the normalized auto-correlation G (τ) by
G ∞ ≈ 1 is the correlation amplitude in the long lag time limit τ → ∞, N is the average number of molecules in the sampling volume, τ d is the lateral diffusion time, K is the ratio of axial over lateral extension of the sampling volume, P t is the probability of molecules in the triplet state and τ t is the correlation time of this triplet state population. I B is the background count rate and I is the mean count rate (fluorescence intensity and background). In our case, we assumed γ to be 1/2 because the mask cuts half of the sampling volume [12] . Figure 5 shows typical correlation amplitudes for different aperture diameters. For apertures larger than 250 nm, Eq. (4) yielded good results. For smaller apertures, the auto-correlations had a significant tail for lag times τ between 0.1 ms and 1 ms. We attribute the tail to constrained diffusion in the aperture, i.e. molecules entering into the 150 nm deep aperture were laterally captured for some time interval. Therefore, they needed more time to diffuse out of the sampling volume. The boundary conditions for Eq. (4) are not taking into account this trapping inside the aperture. This leads to a mismatch if the fit is based on Eq. (4). Figure 6 shows fits and residuals for measurements at a Cy5 concentration of 30 nM. In free liquid and for the 490 nm aperture, Eq. (4) fits well with low residuals. For the 125 nm aperture, Eq. (4) leads to significant residuals and even a bias at large lag times. Nevertheless, the extracted diffusion time τ d is a good approximation because it accounts only for the diffusion in the xy-plane. Also, the number of molecules N depends mainly on the correlation amplitude G (0) and the triplet probability. Therefore, it does not change significantly for different diffusion models.
Evaluation of the auto-correlation
For analyzing the experimental auto-correlation curves, we corrected the correlation amplitude for afterpulsing to avoid a systematic bias on short diffusion times. Figure 7 shows how afterpulsing affected the auto-correlation amplitude up to a lag time τ ≈ 10 µs. According to Bismuto et al. [23] , we estimated the afterpulsing contribution by averaging auto-correlations G uc for an uncorrelated source (daylight). For minimizing the discrepancies between the curves, we introduced an exponent for the mean count rate I uc . 
Prediction of FCS results
In case of free diffusion, the diffusion time τ d is given by w 2 0 /4D where w 0 is the lateral beam waist and D the diffusion constant [22] . In our case, the extension of the sampling volume is limited by the excitation field, which in turn is restricted by the diameter d of the aperture. Figure 5 suggests proportionality of the diffusion time and the aperture diameter. Based on our calculations, we expect to find τ d ∝ d
2 for small apertures. For large apertures, the sampling volume is given by the beam waist w 0 and the diffusion time levels off to some value τ ∞ , which might be different from τ d due to surface effects. Overall, we assume to get a behavior as
where d τ marks the transition between the small and the large aperture regime. Equation (6) is understood as a first approximation of the effective relationship between τ d and d. The number of molecules N is determined by the effective sampling volume V e f f and the fluorophore concentration C.
Here, N A = 6.022 × 10 23 mol −1 is the Avogadro number. For small apertures, the sampling volume increases with the aperture diameter as shown in table 1. For large apertures, the sampling volume gets constant because the excitation field is no longer constrained by the aperture. Therefore, we expect a relationship similar to Eq. (6) between N and d.
Results and discussion
For the mask layout shown in Fig. 2 , we selected 21 array pairs to cover 21 aperture diameters from 115 nm to 520 nm. Figures 8-11 summarize the results for a 150 nm gold mask on a 150 µm glass substrate. A 12 nM respectively 30 nM solution of Cy5 (Molecular Probes) was excited at 633 nm. We kept the laser power constant at 0.3 mW incident onto the apertures.
Diffusion time
For a concentration of 12 nM, we measured with a 38 µm, a 50 µm and a 100 µm pinhole diameter. Figure 8 shows the diffusion time versus the aperture diameter. For the 115 nm apertures, the diffusion time was around 15 µs. It increased with the aperture diameter and reached 140 µs for the 500 nm apertures. On the 400 nm apertures, we measured τ d ≈ 100 µs against 20 µs on the 150 nm apertures. This ratio of 1/5 is in good agreement with the calculated ratio of 1/4 for these aperture diameters.
The pinhole diameter had no significant influence on the measured diffusion time. With the 40× objective and the 38 µm pinhole, we got a projected pinhole diameter of roughly 1 µm in the mask plane, which was still much larger than the largest aperture. Our measurements show that the excitation volume was effectively smaller than the detection volume, which underlines the insensitivity to pinhole diameter variations. Also, we see that an increase of the fluorophore concentration to 30 nM did not significantly change the measured diffusion time. Only for aperture diameters above 300 nm, a slight increase was measured. We attribute this to detector saturation leading to a virtually increased sampling volume. Figure 10 shows that the detector was driven at more than 1.0 MHz for apertures larger than 300 nm. At these count rates, the detector death time of 50 ns started to become significant -particularly during photon burstsand biased the FCS results [24] .
Overall, Eq. (6) is well reproduced with a transition diameter d τ of 450 nm and a diffusion time limit τ ∞ of 240 µs. Including the lateral penetration of the excitation light into the aperture walls, the excitation field had a diameter of about 500 nm at d τ . In agreement with Eq. (6), d τ marked the aperture diameter yielding 1/2 of the beam cross-section πw 2 0 . In free liquid, we measured a diffusion time τ d ≈ 160 µs. When the confocal volume was placed at the cover slide surface, τ d reached 250 µs to 300 µs, which is consistent with τ ∞ . For the smallest apertures, τ d was less than 1/10 of the value measured in free liquid. We conclude that the introduction of the 115 nm apertures reduced the lateral extension of the excitation volume to less than 1/3. Hence, the measured diffusion times indicate a reduction of the sampling volume to less than 1/10 of the conventional confocal volume.
Number of molecules
For a Cy5 concentration of 30 nM, we show the number of molecules obtained by fitting the afterpulsing corrected auto-correlations in Fig. 9 . For an aperture diameter of 115 nm, we measured about 3 molecules in average in the sampling volume. Increasing the aperture diameter to 350 nm increased the number of molecules to about 12. Then, the number of molecules leveled off between 14 and 18 for larger apertures, which was roughly 1/4 the value in free liquid. The measured ratios of the number of molecules for the 150 nm, 250 nm and 400 nm apertures are close to the calculated ratios of the sampling volumes V e f f in table 1. In contrast to the diffusion time, the number of molecules is affected by the background contribution of each individual aperture. Therefore, we measured first the background on each aperture with pure water. With the Cy5 solution, we measured these apertures again. However, it was virtually impossible to mutually realign the confocal volume and the apertures identically. Therefore, the excitation intensities differed by as much as 20% resulting in a 40% variance in the background corrected number of molecules. This made it difficult to measure the sampling volume for an individual aperture. Figure 10 shows the background, the mean intensity and the SNR measured during the experiment described in subsection 4. depended very much upon the state of individual apertures. Its standard deviation was particularly low for apertures smaller than 200 nm. Thereby, despite the small signal, we were able to predict and correct background accurately for these apertures. For aperture diameters up to 200 nm, we measured SNRs between 2.5 and 6. The best results were obtained with aperture diameters of 300 nm, 340 nm and 430 nm with corresponding SNRs of 16, 19, respectively 25. Typically, conventional instruments provide a SNR > 50 (2 kHz background, 100 kHz to 500 kHz mean intensity). By increasing the Cy5 concentration, we could reach a SNR > 10 for aperture diameters up to 200 nm. In our experiment, the SNR was limited by the large background, which was mainly due to photo-luminescence of the gold [25] and the glass slide; surface enhanced Raman scattering [26] of water molecules, particularly at the aperture edge; and fluorescence of photo-resist residues if any. By mastering the lithography process, we could remove any photo-resist residue. For reducing the background further, we compared the photo-luminescence of different materials. For instance, we measured the photo-luminescence of silver and found it an order of magnitude lower than for gold. Nevertheless, we kept using gold for greater compatibility with biological applications (surface chemistry). Figure 11 shows the CPM obtained from the experiment described in subsection 4.2. Starting at about 23 kHz for the 115 nm apertures, the CPM increased quickly to about 61 kHz for the 250 nm apertures. Then, there was only a slight increase to about 82 kHz for the 400 nm apertures. This behavior qualitatively follows the calculated excitation intensities. The intensity on top of the 250 nm aperture is about 3.3 times the intensity of the 150 nm aperture, but only about 12% lower than for the 400 nm aperture. If we compare the values for the large apertures, we notice that the count rates per molecule exceed the values measured in free liquid. We interpret this by the mirror effect of the gold film, which reflects a significant part of the fluorescent light emitted towards the aperture and the gold film. In particular, the emission under high incidence angles falls onto the gold film surrounding the aperture and is efficiently reflected back into the objective. For instance, we measured a CPM of 103 kHz in case of the 500 nm apertures exceeding the CPM in free liquid by 60%.
Signal to noise ratio
Count rate per molecule
Conclusions
We demonstrated that FCS on single apertures is an interesting approach for molecular investigations at 10 nM to 100 nM concentration. Using apertures of various sizes, we calculated and engineered the excitation field. For small apertures, we verified that the diffusion time and the number of molecules are proportional to the aperture diameter. We measured a reduction of the effective sampling volume by an order of magnitude compared to the typical volume in confocal FCS.
The background on individual apertures was hard to predict, particularly for the large apertures. Therefore, we encountered some difficulties measuring the number of molecules and the count rate per molecule accurately. Nevertheless, the average values confirmed our calculations. In particular, we could report comparable or even higher count rates per molecule than in confocal FCS. Using homogeneous aperture arrays and an optimal combination of materials, excitation wavelength and power, we expect to measure all FCS parameters accurately.
We would like to point out that confocal trans-illumination FCS performs nearly as well as confocal epi-illumination FCS. With trans-illumination, the excitation light falls directly onto the detection pinhole. Therefore, the emission filter has to block the full excitation power instead of the small fraction of backscattered light. This results in a somewhat higher background but can be compensated by using two microscope objectives on either side of the sample, therewith doubling the detection efficiency. Finally, the alignment of the excitation and detection volumes is more precise since the small aperture serves as a common pinhole.
